Abstract: In this study, the signal paths in intrabody communication channels are discussed by evaluating the electric fluxes between conductors and the earth ground. This study is based on the equivalent circuit model of which parameters are obtained via an electrostatic analysis. The obtained results clarified the electric flux flows in the communication channels, and they quantitatively support the previous study reported by one of the authors.
Introduction
In recent years, body-centric wireless communications have been studied because they have the potential to improve the quality of healthcare systems, support systems for specialized occupations, personal entertainment, and so on [1] . They are generally classified into on-, in-, and off-body communications. On-body communications that use frequencies below several tens of megahertz are also known as intrabody communications. The physical channels establishing intrabody communications were first modeled as capacitive circuits [2] . Then, more accurate channel characterization has been made by means of full-wave analysis [3] and an improved circuit model based on electrostatic analysis [4] .
In [4] , one of the authors has concluded that the signal transmission characteristic strongly depends on the capacitances formed between the transmitter (Tx) and the receiver (Rx) if both the Tx and the Rx are not grounded (this means they are battery-powered). However, there is room to clarify the reason quantitatively. In this study, to address this issue, the signal paths in the intrabody communication channels are discussed based on the improved circuit model derived in [4] .
Theory
To explain how the signal paths in the communication channels are evaluated, here we deal with a general problem where there are N conductors. The net charge of conductor #i, which is denoted by Q i , is expressed as
where c ij is the capacitance coefficient between conductors #i and #j, and V j is the potential of conductor #j. This system can be considered as an equivalent circuit with N þ 1 nodes, all of which are connected by capacitances [4] . The capacitances are expressed as
where C i is the capacitance of conductor #i with the earth ground, and C ij is the capacitance between conductors #i and #j. If there is no earth ground, i.e., the conductors are in free space, the infinite distance behaves as the potential reference instead of the earth ground. In this study, the signal paths of the communication channels are clarified by evaluating the electric fluxes between the conductors and the earth ground. This is because the electric fluxes correspond to the charges stored in the capacitances of the equivalent circuit, i.e., their time derivatives are the current flows in the channels. The electric flux flowing from conductor #i into the earth ground, which is denoted by É i , is expressed as
Similarly, the electric flux flowing from conductor #i into conductor #j, which is denoted by É ij , is expressed as
Using Eqs. (1), (4) , and (5), we get
Eq. (6) means that the sum of the electric fluxes flowing from conductor #i equals the net charge of conductor #i. This is nothing less than Kirchhoff's current law. Eq. (6) holds true in general; however, it is convenient to consider a specific situation in which the conductors are floating or grounded, and some of them are connected to each other through electric sources. In this situation, Q i can be separated as
where Q s i is the charge supplied by electric sources, and Q g i is the charge supplied from the earth ground through a thin grounding wire. Substituting Eq. (7) into Eq. (5) and transposing some terms, we get
In Eq. (8), the left-hand side represents the path from conductor #i into the earth ground whereas the right-hand side represents the sum of the paths from other conductors and electric sources into conductor #i. If conductor #i is floating (not grounded), Q g i ¼ 0. Therefore, the signal path from conductor #i into the earth ground can be evaluated only by É i .
On the other hand, if conductor #i is grounded,
Therefore, the signal path from conductor #i into the earth ground can be evaluated only by ÀQ
3 Calculation model and method Fig. 1(a) shows the calculation model, which is same as that in [4] . For the generality and the simplicity of discussion, the human body is modeled by a conducting sphere. Both the Tx and the Rx consist of two parallel square electrodes. The electrode that faces the human body is called "hot" electrode, whereas the other one that faces space is called "cold" electrode. The electrodes of the Rx are denoted by primes (A), namely, "hotA" and "coldA." The angle formed between the Tx and the Rx is denoted by θ. The numbers allocated to the conductors are as shown in Fig. 1(a) . The hot and the cold electrodes of the Tx are fed by an electric source of 1 C, i.e., Q Fig. 1(b) shows the equivalent circuit of the calculation model. For convenience, the node of the infinite distance is denoted by the earth ground symbol. The capacitances were calculated by means of electrostatic analysis based on the method of moments (MoM). The MoM program code used in this study is the same as that used in [4] , and its validity has already been proved by solving the same problem via the finite-difference time-domain (FDTD) method.
After the capacitances were obtained, the electric fluxes between the conductors were calculated under the following four conditions: No GND: Both the Tx and the Rx are not grounded. The given condition is that
The cold electrode of the Tx is grounded. The given condition is that
, and V 5 .
GND Rx:
The cold electrode of the Rx is grounded. The given condition is that
, and V 5 . GND Tx & Rx: The cold electrodes of the Tx and the Rx are grounded. The given condition is that
, and V 5 . Table I summarizes the electric fluxes at the Rx position ¼ 90°. As described before, the values of the dissipated charges (ÀQ g i ) are shown instead of those of electric fluxes if the corresponding conductors are grounded. According to the result, the signs of the respective values are independent of the grounding conditions. Therefore, the directions of the signal paths can be illustrated as in Fig. 2 . The exception that É 24 (Cold-ColdA) is zero in the case "GND Tx & Rx" is simply because both the cold electrodes of the Tx and the Rx are zero and the same in potential. Now, let us focus on the electric fluxes flowing from or into the cold electrode of the Rx. According to Fig. 2 , the electric fluxes flow from the hot electrodes of the Tx and the Rx ð#1; #3Þ and the body (#5) into the cold electrode of the Rx (#4); then, the electric fluxes flow out to the cold electrode of the Tx (#2) and the reference potential (#0). This result means that the signal returns to the cold electrode of the Tx (#2) through the following two paths: #4 ! #2: Path through the capacitance C 24 . #4 ! #0 ! #2: Path through the reference potential.
Calculated results
It is notable that the magnitudes of these two paths are comparable in the case "No GND," whereas É 4 (ColdA-GND) is dominant in the other cases. To compare these two paths in more detail, Fig. 3 plots the electric fluxes or the dissipated charges flowing from or into the cold electrode of the Rx, as functions of Rx position θ.
In the case "No GND," É 24 monotonically decreases with increasing θ, whereas É 4 is stable except at < 60°. Incidentally, the sign of É 4 is inverted at < 30°. In the range < 90°, the magnitude of É 24 is greater than that of É 4 . As a result, the curve of É 34 , which is related to the received voltage as V 3 À V 4 ¼ É 34 =C 34 , almost accords with that of É 24 . This is the main reason why the signal transmission characteristic strongly depends on the capacitances formed between the Tx and the Rx if both the Tx and the Rx are not grounded, as reported in [4] . In contrast, in the range > 90°, the magnitude relation is opposite, and so É 34 is approximately constant in accordance with É 4 .
As for the case "GND Tx," the magnitude of É 24 is suppressed, whereas that of É 4 is enhanced and stable. As a result, the magnitude of É 34 is also enhanced and hardly varies with θ. In the case "GND Rx," É 24 is approximately the same as that in the case "No GND." On the other hand, ÀQ g 4 is almost 15 times larger than É 4 in the case "No GND." As a result, É 34 is mostly governed by ÀQ g 4 . In the case "GND Tx & Rx," É 24 completely disappeared, and so É 34 is mostly independent of θ.
Conclusion
In this study, the signal paths in the intrabody communication channels are discussed by evaluating electric fluxes between conductors and the earth ground. According to the results, the signal returns from the Rx to the Tx through two paths: one is the capacitance formed between the cold electrodes of the Tx and the Rx, and the other is the reference potential. In addition, if both the Tx and the Rx are not grounded, the magnitude of the former path is comparable with that of the latter. On the other hand, if either or both of the Tx and the Rx are grounded, the latter path is dominant. All the results obtained in this study quantitatively support the results reported in [4] .
